Strong epidemiologic, virologic, and biochemical evidence indicates that the high-risk subgroup of genital human papillomaviruses (HPVs; including HPV types 16, 18, 31, 33 , and 39) is the causative agent in the development of Ͼ90% of cervical cancers (reviewed in reference 64). The HPV16 E6 and E7 proteins are necessary and sufficient for immortalization of primary human keratinocytes in culture (17, 20, 36) . HPV16 E6 also cooperates with activated ras to transform baby mouse kidney cells (51) and can transform NIH 3T3 cells (45) and immortalize human mammary epithelial cells (2) independent of E7.
HPV16 E6 and E7 bind and promote the degradation of the tumor suppressor proteins p53 (44, 59 ) and pRB (5, 8, 26) , respectively. HPV16 E6 induces p53 degradation by forming a complex with the cellular ubiquitin-protein ligase E6AP (22) , which is then able to bind and ubiquitinate p53 (42) . E6AP is a component of the ubiquitin-proteasome pathway which targets proteins for degradation by covalently linking them to multimeric chains of the 8-kDa protein ubiquitin. In this pathway, ubiquitin is first activated in an ATP-dependent reaction and then passed from the ubiquitin-activating enzyme (E1) to a ubiquitin-conjugating enzyme (E2). Ubiquitin is then transferred to lysine residues of the target protein with the aid of a ubiquitin-protein ligase (E3). Multiubiquitinated proteins are subsequently recognized and degraded by the 26S proteasome (18) . While some classes of E3 proteins, such as the SCF complexes, function as adaptors that bring E2 enzymes into complex with their substrates (9, 47) , E6AP belongs to a class of ubiquitin-protein ligases called HECT E3 proteins which directly transfer ubiquitin to their substrates (21, 43) . The catalytic domain of HECT proteins is a conserved 350-aminoacid region defined by its homology to the E6AP carboxy terminus (HECT). The HECT domain binds to specific E2 enzymes (31) and contains an active site cysteine residue that forms a thiolester bond with ubiquitin (21, 37) . X-ray crystallography studies have determined that the HECT domain is a bilobed structure, with a larger N-terminal lobe which interacts with the ubiquitin-conjugating enzyme and a smaller C-terminal lobe containing the catalytic cysteine residue (19) .
The HPV16 E6 protein binds to E6AP within its putative substrate recognition domain, directing E6AP to ubiquitinate p53 (23) . Current evidence indicates that p53 is targeted by E6AP only in cells that express E6 (3, 53) . Recently, a number of potential E6-independent substrates of E6AP have been identified, including the human homolog of the yeast RAD23 protein involved in nucleotide excision repair (HHR23A) (32) , the src-family kinase Blk (39) , and the MCM7 subunit of replication licensing factor (30) . In addition, E6AP auto-ubiquitination has been recently documented in vitro (38) .
It is conceivable that the redirection of E6AP activity toward p53 by E6 might inhibit the targeting of the normal substrates of E6AP and that such an alteration of E6AP activity could account for some of the transforming activity of E6. Indeed, recent studies suggest that E6 contributes to tumorigenesis via mechanisms distinct from its ability to induce p53 degradation. For example, transgenic mice expressing E6 from the epithelium-specific K14 promoter developed epidermal hyperplasia which was not observed in p53-null mice, and K14E6/p53-null mice also developed epithelial hyperplasia (48) . Other experiments have shown that an E6 mutant which is unable to bind or degrade p53 can still promote colony formation and growth on soft agar (27) , as well as induce cell cycle reentry in cells even when p53 transactivation activity is inhibited (50) . Another p53-independent activity of HPV16 E6 is its ability to activate telomerase (29) , which has been shown to contribute to transformation of primary human cells in conjunction with other oncogenes (15) .
Here we show that E6 promotes the ubiquitination and degradation of E6AP. Both in vitro and in vivo experiments demonstrate that this degradation requires the binding of E6 to E6AP and the catalytic activity of E6AP. Our experiments suggest that E6 can induce both the intramolecular and intermolecular self-ubiquitination of E6AP and the subsequent degradation of E6AP by the 26S proteasome. Finally, we show that an E6 mutant which is still able to immortalize human mammary epithelial cells but is unable to degrade p53 retains its ability to degrade E6AP. Our results suggest that degradation of E6AP may contribute to the transforming activity of the high-risk HPV E6 proteins.
MATERIALS AND METHODS
Plasmid constructs. The pCMV4-HA-E6AP constructs (p4053-4055 for isoforms I to III, respectively; the "p-numbers" represent the plasmid numbers in our laboratory DNA plasmid bank) were created by subcloning the E6AP isoforms (62) into the pCMV4 expression vector (1) at the BglII and HindIII sites. Individual cDNAs encoding each of the three isoforms of E6AP were originally cloned into the pGEM-1 expression plasmid. The PCR was used to add sequence encoding the influenza virus hemagglutinin (HA) epitope to the N terminus of each E6AP isoform. The C-A mutation was introduced into the pCMV4-HA-E6AP isoforms I (C820A) and II (C843A) by replacing the wild-type fragments of these isoforms with the EcoRV/HindIII fragment from a plasmid carrying the catalytically inactive C833A point mutant of the 95-kDa form of E6AP in the pCMV4 vector which has been previously described (53) . The ⌬E6 mutation was introduced into E6AP isoforms I and II by replacing the wild-type BstBI/EcoRV fragment with the corresponding fragment from pCMV4 E6AP 95-kDa ⌬E6 (53). Expression plasmids for BPV1 E2-TA (p2450) and E2-TR (p1153) proteins (6, 49, 60) , as well as the AU1 epitope-tagged HPV16E6 expression plasmid (46), have also been described previously. The puromycin resistance plasmid pBabepuro was obtained from Stratagene.
Protein expression. 35 S-labeled E6AP protein was generated by in vitro transcription-translation in the presence of L-[
35 S]methionine in rabbit reticulocyte lysate according to the manufacturer's instructions (Promega). Wheat E1 and Arabidopsis thaliana Ubc8 were expressed in Escherichia coli BL21 using the pET vector system as described previously (22, 42, 53) . Expression and harvesting of E6, E6AP, and p53 protein via baculovirus vectors in High Five insect cells (Invitrogen) were performed as detailed previously (21, 41, 42) .
In vitro ubiquitination reactions. For in vitro ubiquitination reactions utilizing in vitro-translated proteins, 4 l of 35 S-labeled translation reactions were incubated for 30 minutes at 25°C in the presence of 50 ng of E1, 50 ng of E2 (A. thaliana Ubc8), 6 g of ubiquitin (Sigma), 4 mM ATP, and partially purified baculovirus-expressed E6 proteins or an equivalent control fraction from cells infected with nonrecombinant virus. Preparation of E1 and E2 proteins has been described previously (42) . The total reaction volume was 40 l in a buffer containing 25 mM Tris (pH 8.0) and 125 mM NaCl. The HPV16 E6 and HPV16 E6 SAT [8] [9] [10] were expressed in insect cells (High Five cells; Invitrogen) using recombinant baculoviruses prepared using the BaculoGold system (Pharmingen). E6 proteins were partially purified from insect cell lysates by using singlestep high-salt elution (25 mM Tris, pH 6.8; 500 mM NaCl; 1 mM dithiothreitol) from a Bio-Rad S column. The reactions were terminated by the addition of standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer and boiled for 5 min. Proteins were resolved by SDS-PAGE and visualized by autoradiography.
For in vitro ubiquitination assays using baculovirus-expressed E6AP, E6AP proteins were partially purified by anion-exchange chromatography, as described previously (42) . A total of 20 ng of partially purified E6AP proteins was incubated under the conditions described above, with partially purified baculovirusexpressed HPV16 E6 protein or an equivalent control fraction from cells infected with nonrecombinant virus. The reactions were terminated by addition of SDS-PAGE loading buffer, boiled for 5 min, and resolved on an SDS-10% PAGE gel. Proteins were transferred to Immobilon P (Millipore) and probed with a rabbit polyclonal E6AP antibody and a horseradish peroxidase-linked goat anti-rabbit secondary antibody. Chemiluminescent signal was detected with Renaissance reagents (DuPont-NEN).
Cell cultures and transfection. Human cervical carcinoma C33A cells and U2OS osteosarcoma cells were cultured in DMEM (Dulbecco modified Eagle medium; GIBCO) supplemented with 10% fetal bovine serum (FBS) at 37°C in 5% CO 2 . The Saos-2 osteosarcoma cell line was cultured in DMEM plus 15% FBS. C33A and U2OS cells were transfected using standard calcium phosphate procedures as described previously (53); Saos-2 cells were transfected using the FuGene6 transfection reagent according to manufacturer's instructions (Roche Molecular Biochemicals).
Pulse-chase analysis. For analysis of transfected E6AP, 10 6 C33A cells were seeded onto a 60-mm plate for transfection for each time point. Transfected cells were washed twice with phosphate-buffered saline (PBS) and then placed in DMEM without methionine or cysteine at 37°C for 30 min. The cells were labeled with 100 Ci of [
35 S]methionine per plate for 30 min, washed three times with PBS, and chased with DMEM containing 10% fetal calf serum. At selected time points, the cells were scraped into PBS, pelleted, resuspended in Nonidet P-40 lysis buffer (100 mM Tris-HCl, pH 7.4; 120 mM NaCl; 1% Nonidet P-40; 1 mM phenylmethylsulfonyl fluoride; 1 g of aprotinin per ml; 1 g of leupeptin per ml). The lysates were incubated for 15 min on ice with occasional vortexing and then centrifuged at 16,000 ϫ g for 10 min. For each experiment, equal amounts of total protein as measured by Bradford assay were immunoprecipitated overnight at 4°C using the 12CA5 antibody directed against the HA epitope. Extracts were then incubated for 1 h with 40 l of a mixture of protein A and protein G agarose beads, which were then washed five times with ice-cold radioimmunoprecipitation assay buffer (20 mM Tris-HCl, pH 7.5; 2 mM EDTA; 150 mM NaCl; 0.25% SDS; 1% Nonidet P-40; 1% deoxycholate; 1 mM phenylmethylsulfonyl fluoride; 1 g of aprotinin per ml; 1 g of leupeptin per ml). Immunoprecipitated E6AP was resolved on an SDS-7.5% PAGE gel, which was dried and exposed to film.
Pulse-chase analysis of endogenous E6AP in HeLa and C33A cells was performed similarly, except that 2 ϫ 10 6 cells were seeded onto 60-mm plates for each time point the day before 35 S labeling. Puromycin selection of transfected cells. Human cervical carcinoma HeLa and C33A cells were seeded at 1 ϫ 10 5 to 2 ϫ 10 5 per 60-mm plates 1 day before transfection. The cells were cotransfected using the FuGene 6 system with 5 g of E6, E7, or E2 plasmid; 1 g of pBABE-puro selection plasmid; and 4 g of salmon sperm DNA as a carrier DNA. At 24 h after transfection, the cells were split into plates (2 by 60 mm) and placed under selection in medium containing 0.4 g of puromycin per ml for HeLa cells or 1.0 g of puromycin per ml for C33A cells. The cells were washed once with PBS and fed with fresh selection medium every 3 days.
Proteasome inhibition experiments. At 36 h after transfection, cells were treated with DMEM plus 10% FBS containing the proteasome inhibitor Z-L 3 VS at a concentration of 50 M. Control cells were treated with an equal amount of dimethyl sulfoxide (DMSO). The Z-L 3 VS was a gift from Hidde Ploegh, Harvard Medical School.
Western blot analysis. Whole-cell extracts were prepared from transfected cells in Nonidet P-40 lysis buffer, as described above. A 50-g portion of each sample was boiled in SDS sample buffer and resolved on a 7.5% (for E6AP and p53) or 13% (for E6 and p16) SDS-PAGE gel. Proteins were transferred to polyvinylidene difluoride membranes (NEN) according to standard procedures, and membranes were probed with the appropriate antibodies followed by detection using chemiluminescence reagents (NEN). The 12CA5 antibody was used to detect HA-tagged E6AP, while the AU1 antibody (Babco) was used for detection of AU-tagged E6. The monoclonal anti-p16
INK4A was a gift from Philip W. Hinds, Harvard Medical School. For p53 detection, the monoclonal antibody Ab-6 (Oncogene) was used. Antitubulin was purchased from Santa Cruz Biotechnology.
RESULTS

HPV16 E6 decreases steady-state levels of E6AP in vivo.
During the course of our analysis of E6-mediated p53 degradation, we noticed that the steady-state levels of E6AP were lower in cells expressing the HPV16 E6 protein. Expression of HPV16 E6 in C33A cells resulted in a substantial decrease in the levels of endogenous E6AP (Fig. 1A , upper panel), in addition to the expected decrease in p53 levels (Fig. 1A , middle panel). By contrast, no change in E6AP levels was observed in cells transfected with HPV16 E7 or with vector alone. As a control, the blot was also probed with antibodies to tubulin, the levels of which are not affected by E6 (Fig. 1A, lower panel) . To assess the effect of E6 on each of the three full-length E6AP isoforms, we examined the levels of the individual HA-tagged E6AP isoforms when cotransfected with AU1-tagged HPV16 E6 (46) . The levels of all three E6AP isoforms were substantially decreased in vivo when coexpressed with AU1-E6 ( HPV16 E6 increases the rate of degradation of E6AP. We next examined whether the decrease in E6AP levels in the presence of E6 was due to an increase in the rate of E6AP degradation. C33A cells transfected with HA-tagged E6AP and AU1-tagged E6 were metabolically labeled with [ 35 S]me-thionine, and the kinetics of E6AP degradation were measured by pulse-chase analysis. As shown in Fig. 2A and C, E6 expression resulted in an approximately threefold reduction in the half-life of transfected E6AP, from 4.5 h in the absence of E6 ( Fig. 2A , lanes 1 to 5) to 1.5 h in the presence of E6 ( Fig. 2A , lanes 6 to 10). Endogenous E6AP is degraded more rapidly in HPV-positive HeLa cells than in HPV-negative C33A cells. To test the physiologic relevance of the enhanced proteolysis of E6AP by E6, we examined whether endogenous E6AP was degraded more quickly in HPV-positive cells than in HPV-negative cells. We found that this was indeed the case by comparing E6AP levels in HPV18-positive HeLa cervical carcinoma cells and in HPV-negative C33A cervical carcinoma cells. Western blot analysis revealed that the steady-state levels of endogenous E6AP were 3.2 times greater in HPV-negative C33A cells than in HeLa cells (Fig. 3A) . Furthermore, pulse-chase analysis demonstrated that in HeLa cells E6AP was degraded with a half-life of 7 h, whereas in C33A cells E6AP was stable over the entire 25 h of the experiment (Fig. 3B and C) . Thus, while endogenous E6AP was more stable than transfected E6AP (Fig. 2) , as has been documented previously (38) , this result is nevertheless consistent with E6-mediated degradation of endogenous E6AP.
Repression of the E6 expression in HeLa cells leads to increased levels of E6AP. To further test the hypothesis that endogenous HPV18 E6 stimulates degradation of E6AP in HeLa cells, we reasoned that this degradation should be attenuated by expression of the BPV1 E2 protein, which has been shown to repress expression of endogenous HPV E6 and E7 from the P 105 promoter in HeLa cells (25, 40, 54, 55) . HeLa cells were cotransfected with E2-expressing plasmid and a puromycin resistance plasmid, and after 5 days under puromycin selection the cells were harvested and assayed for E6AP protein levels by Western blot. Expression of full-length BPV1 E2 protein (E2-TA) resulted in a 2.8-fold elevation of E6AP levels compared to cells transfected with E2-TR (Fig. 3D , lanes 1 and 2, upper panel), a truncated form of BPV E2 which does not downregulate E6 expression (11, 14) . Consistent with previous reports (7, 24) , the decrease in HPV18 E6 expression caused by E2-TA also resulted in a sixfold increase in p53 levels compared to cells transfected with E2-TR (Fig. 3D , compare lanes 1 and 2, middle panel). As a control, we examined the levels of the tumor suppressor p16 (Fig. 3D, lanes 1 to 3, lower panel) .
By contrast, expression of E2-TA did not result in elevated E6AP levels (Fig. 3D , lanes 4 to 6, upper panel) or elevated p53 levels (Fig. 3D , lanes 4 to 6, middle panel) in HPVnegative C33A cells, indicating that the effect of E2-TA on E6AP most likely involves E6 through repression of the integrated HPV18P 105 promoter. Since E2-TA also represses expression of HPV18 E7, this experiment by itself does not rule out the possibility that E7 also promotes E6AP degradation. However, this is an unlikely possibility given that expression of E6, and not E7, resulted in E6AP degradation when these proteins were expressed individually in C33A cells (Fig. 1A) . These experiments therefore provide strong support for our hypothesis that E6 expression results in a more rapid turnover of E6AP.
E6-mediated E6AP ubiquitination in vitro requires the catalytic activity of E6AP. To determine if the in vivo effect of E6 on E6AP stability might be due to enhanced ubiquitination of E6AP, baculovirus-expressed and partially purified HPV16 E6 and E6AP proteins were incubated together in the presence of purified E1 enzyme, E2 enzyme, ATP, and ubiquitin. As shown in Fig. 4 , E6 induced the multiubiquitination of E6AP (lane 2). This ubiquitination was dependent upon the active-site cysteine (C820) of E6AP (lane 5), suggesting that isopeptidelinked ubiquitination was the result of transfer of thiolesterlinked ubiquitin from the active-site cysteine to one or more lysine residues of E6AP. Deletion of the 18-amino-acid E6 binding domain also abrogated E6-induced ubiquitination (lane 8). Therefore, the effect of E6 on E6AP turnover appears to be the result of self-catalyzed multiubiquitination of E6AP. Figure 5 shows that the same effects could be observed by coinfection of E6-and E6AP-expressing baculoviruses in insect cells, which lack endogenous E6AP activity (36) . As antici- 1 and 2) or III (lanes 3 and 4) . Cells not receiving the E6 plasmid were transfected with an equivalent amount of empty vector. After cell lysis, protein extracts were resolved by SDS-PAGE and immunoblotted with the 12CA5 antibody to detect HA-tagged E6AP or with the AU1 antibody to detect AU1-tagged E6.
pated, baculovirus-expressed p53 was ubiquitinated and degraded when coexpressed with wild-type E6AP and HPV16 E6 (Fig. 5, compare lanes 4 and 5, middle panel) , whereas E6 did not induce p53 ubiquitination in the presence of catalytically inactive E6AP C-A (compare lanes 10 and 11). Wild-type E6AP protein levels (lane 2 versus lane 3) but not E6AP C-A (lane 8 versus lane 9) were correspondingly reduced in the presence of HPV16 E6.
Degradation of E6AP in mammalian cells requires interaction with E6 and catalytic activity of E6AP and is proteasome dependent. To verify that E6-mediated degradation of E6AP occurs via E6AP catalytic activity in mammalian cells, we cotransfected AU1-tagged HPV16 E6 and HA-tagged E6AP into human cell lines. As observed previously, wild-type E6AP levels were greatly reduced in the presence of E6 in C33A cells (Fig. 6A, compare lanes 1 and 3) . In accord with in vitro results (Fig. 4) , E6 expression did not decrease the steady-state levels of E6AP ⌬E6, in which the E6-binding region has been deleted (Fig. 6A, compare lanes 2 and 4) , and E6 did not affect the kinetics of E6AP ⌬E6 degradation, as determined by pulsechase analysis (Fig. 6B , compare lanes 1 to 4 and 5 to 8) in C33A cells. E6 expression also did not significantly affect the steady-state levels (Fig. 6A , compare lanes 5 and 6) or stability (Fig. 6C, compare lanes 1 to 4 and 5 to 8 ) of E6AP C-A. While it must be noted that in other cell lines we observed a slight decrease in E6AP C-A levels in the presence of E6 (see Fig. 8 below and Discussion), these results nonetheless suggest that E6-E6AP interaction also results in E6AP self-ubiquitination in mammalian cells. (Fig. 2B, lanes 1 to 4) and is likely an endogenous protein not related to E6AP that cross-reacts with the 12CA5 antibody. (C) Quantitation of data shown in panel A. Intensities of the gel bands were quantified using the NIH Image 1.60/68k program.
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To determine whether E6 was causing degradation of E6AP by the proteasome, we studied the effect of the proteasome inhibitor Z-L 3 VS (4) on E6AP levels. C33A cells were cotransfected with E6AP and E6 as before and treated for 14 h with 50 M Z-L 3 VS or with DMSO as a mock control. In the presence of E6 expression, Z-L 3 VS treatment resulted in a 360% increase in wild-type E6AP (Fig. 6D, lanes 1 and 2) , while E6AP C-A levels only increased 25% during Z-L 3 VS treatment (Fig. 6D, lanes 3 and 4) , suggesting that E6AP C-A, which is incapable of self-ubiquitination, is not efficiently degraded by the proteasome in the presence of E6. These results are therefore also consistent with E6-stimulated E6AP selfubiquitination and subsequent degradation by the 26S proteasome.
HPV16 E6-induced E6AP ubiquitination is primarily, but not exclusively, an intramolecular reaction. The simplest model for E6-induced self-ubiquitination of E6AP is that ubiquitination is the result of an intramolecular transfer of ubiquitin from the active-site cysteine of E6AP to lysine residues on the same E6AP molecule. However, the possibility of an intermolecular ubiquitin transfer within an E6-mediated E6AP multimer was suggested by binding experiments showing that glutathione S-transferase (GST)-E6AP bound to in vitro translated E6AP in the presence of HPV16 E6 (Fig. 7A, lane 4) . Binding was dependent on the 18-amino-acid E6 binding domain of E6AP (Fig. 7A, compare lanes 4 and 6) . Therefore, it was conceivable that self-catalyzed ubiquitination of E6AP could be the result of ubiquitin transfer from one E6AP molecule to another within an E6-mediated dimer or higher multimer.
To distinguish between the intra-and intermolecular transfer models, we generated 35 S-labeled wild-type and catalytically inactive E6AP in rabbit reticulocyte lysate. If E6-mediated self-ubiquitination was exclusively intramolecular, wild-type E6AP would be predicted to be multiubiquitinated and degraded, whereas E6AP C-A should be unaffected by E6. In contrast, if the transfer were exclusively intermolecular, both wild-type E6AP and the inactive E6AP C-A should be ubiquitinated to a similar degree, since rabbit reticulocyte lysate contains endogenous E6AP that is functionally equivalent to human E6AP (22) . Figure 7B shows that wild-type E6AP was efficiently ubiquitinated and degraded in rabbit reticulocyte lysate (lane 2), whereas E6AP C-A was affected to a much lesser, but still detectable, degree (lane 4).
A potential trivial explanation for the data in Fig. 7B was that the E6AP C-A mutant might be poorly ubiquitinated in vitro in the presence of E6 simply by losing its ability to associate with wild-type E6AP. However, we have found that E6AP C-A associates with GST-E6AP in the presence of E6 to a similar degree as observed for the wild-type-wild-type interaction seen in Fig. 7A (S. L. Beaudenon and J. M. Huibregtse, unpublished data). Therefore it appears that E6-induced E6AP ubiquitination is indeed primarily, but not exclusively, the result of intramolecular transfer of ubiquitin from the active-site cysteine to one or more lysine residues on the same E6AP molecule.
To assess whether intramolecular ubiquitination of E6AP occurs in vivo, we compared the levels of transfected E6AP in U2OS and Saos-2 cells in the absence or presence of cotransfected E6. E6AP C-A levels in U2OS (Fig. 8A ) and Saos-2 cells (Fig. 8B) were slightly decreased in the presence of E6 (compare lanes 3 and 4 in Fig. 8A and B) , probably due to ubiquitination by endogenous wild-type E6AP, whereas the levels of transfected wild-type E6AP were substantially reduced by coexpression of E6 (lanes 1 and 2 in Fig. 8A and B) . Thus, E6-mediated E6AP self-ubiquitination in vivo may also be primarily intramolecular, with intermolecular ubiquitination also occurring to some degree.
In addition, the fact that E6-mediated degradation of E6AP occurred in both U2OS cells, which express low levels of wildtype p53, and in p53-null Saos-2 cells shows that E6 stimulates E6AP ubiquitination either in the absence or presence of p53. Therefore, although it has been previously reported that high concentrations of p53 can inhibit E6AP self-ubiquitination in vitro in the presence of E6 (38), we conclude that normal endogenous levels of wild-type p53 do not interfere with E6-mediated degradation of E6AP in vivo.
An HPV16 E6 mutant deficient for p53 degradation but retaining immortalization ability is able to stimulate the ubiquitination and degradation of E6AP. The HPV16 E6 SAT [8] [9] [10] mutant has been previously shown to retain its ability to immortalize human mammary epithelial cells (MECs) (27) , to induce colony formation and growth on soft agar (50) , and to induce telomerase activity (27) . We therefore tested the ability of E6AP SAT [8] [9] [10] to degrade E6AP in vitro. Figure 9 demonstrates that E6 SAT [8] [9] [10] promotes the ubiquitination of E6AP to a similar extent as wild-type E6 (lane 3 versus lane 4) but, unlike wild-type E6, the SAT 8-10 mutant was not able to degrade p53 (lane 8 versus lane 9). While further analyses of E6 mutants are required, these results raise the possibility that the degradation of E6AP by E6 may contribute to the ability of E6 to immortalize primary human cells.
DISCUSSION
Recent evidence suggests that certain components of the ubiquitin-proteasome machinery itself, such as the F-box proteins Cdc4p, Grr1p, and Met30p, are short-lived proteins whose activity is regulated by ubiquitination (12, 63) . The E6AP ubiquitin-protein ligase has also been shown to autoubiquitinate in vitro, and it has been proposed that E6AP auto-ubiquitination may play a role in regulation of E6AP activity (38) . We demonstrate here that the HPV16 E6 enhances the self-ubiquitination and degradation of E6AP.
We suspect that E6 might trigger the self-ubiquitination reaction by altering the conformation of E6AP such that the catalytic domain of E6AP has access to suitable lysine residues elsewhere on the protein. The self-ubiquitination reaction appears to be primarily the result of an intramolecular transfer of ubiquitin from the active-site cysteine of E6AP to one or more lysine residues of the same E6AP molecule, where it is linked via isopeptide bonds. Multiple ubiquitins are linked to E6AP, although whether one or more lysine residues of E6AP are targeted or whether a multiubiquitin chain is assembled at a single E6AP lysine residue is unknown. The fact that E6 can stimulate the relatively inefficient ubiquitination of the E6AP C-A mutant in the presence of wild-type E6AP suggests that the self-ubiquitination reaction can also proceed via an intermolecular transfer of ubiquitin, from one molecule of E6AP to another, in the context of an E6-mediated dimer or higher multimer. This model is supported by in vitro binding experiments that show that GST-E6AP binds E6AP in the presence of E6.
An intermolecular mechanism of self-ubiquitination is supported by our in vivo observation that E6 expression results in slightly decreased levels of the E6AP C-A mutant protein in both U2OS and Saos-2 cells, presumably because E6 induces ubiquitination of the transfected E6AP C-A mutant protein by the endogenous wild-type protein. In contrast, E6 expression did not result in a decrease in E6AP C-A levels in C33A cells, even though wild-type E6AP was efficiently degraded. This observation suggests that there may be some cell line variability to the extent of an intramolecular versus intermolecular transfer of ubiquitin in E6-stimulated E6AP auto-ubiquitination. It will be of interest to determine the molecular basis of this cell line variability.
We have not yet ruled out the possibility that E6 also contributes to E6AP destabilization through more indirect methods, perhaps by inducing E6AP to degrade an inhibitor of E6AP turnover, by altering E6AP localization, or by recruiting   FIG. 4 . E6-dependent E6AP ubiquitination requires the active-site cysteine and the E6-binding domain of E6AP. Partially purified baculovirus-expressed epitope tagged wild-type E6AP (wt; lanes 1 to 3), E6AP carrying the active-site cysteine to alanine mutation (C-A; lanes 4 to 6), and E6AP with an internal deletion of 18 amino acids corresponding to the E6 binding domain (⌬E6; lanes 7 to 9) were incubated with E1 protein, E2 protein (A. thaliana Ubc8), ubiquitin, and ATP either without (Ϫ) or with baculovirus-expressed HPV16 E6 protein (16E6) or an equivalent control fraction from cells infected with wild-type baculovirus alone (con.). E6AP was detected by SDS-PAGE and immunoblotting with antibody against the HA epitope. modifying enzymes that could activate E6AP self-ubiquitination. However, the requirement of E6AP catalytic activity for E6-mediated degradation of E6AP in vivo and for degradation of partially purified E6AP in vitro provides compelling evidence that E6 destabilizes E6AP by promoting a self-ubiquitination reaction. The finding that E6 promotes the self-ubiquitination of E6AP raises the possibility that other E6AP-binding proteins may also affect E6AP stability. It will be interesting to determine whether E6AP substrates affect E6AP turnover and what factors might account for any differences in the ability of various E6AP-binding proteins to affect E6AP stability. Just as the turnover of the src-family kinases is increased upon activation (16) , it is conceivable that an increase in E6AP activity might also stimulate its ability to ubiquitinate itself. In effect, the auto-ubiquitination of the catalytically active form of E6AP could provide a negative feedback loop to limit E6AP activity once a substrate has been ubiquitinated.
While it is clear that the ability of E6 to cause the selfubiquitination of E6AP does not prevent E6AP-mediated degradation of p53, it remains possible that E6-induced self-ubiquitination of E6AP may impair its ability to ubiquitinate other substrates such as the src-family kinases (39) or HHR23A and -B, which are involved in nucleotide excision repair (35, 52) . It has been reported that E6-expressing fibroblasts are deficient in nucleotide excision repair (10) . Although this deficiency could be accounted for in part by E6-mediated p53 degradation, the possibility remains that disruption of HHR23 function by E6 may also compromise the capacity for DNA repair. Alterations in the function of one of the src-family kinases or the HHR23 proteins by HPV16 E6 via destabilization of E6AP could also contribute to the transforming potential of the E6 protein.
Alternatively, it is possible that, while E6 does promote E6AP self-ubiquitination, the E6-E6AP interaction could alter E6AP conformation in a way that enhances its ability to ubiquitinate some of its substrates. This is an intriguing possibility; however, to date there is no evidence that ubiquitination of any E6AP substrate (other than p53) is stimulated by E6. We are currently performing experiments to assess whether the stability of established substrates of E6AP such as HHR23A and blk is affected by E6. Several proteins including E6TP1 and hMCM7 have been reported to be degraded in the presence of E6 (13, 30) , but it has not been determined whether E6AP is involved in their degradation.
While much of our analysis has focused on HPV16 E6, we have also demonstrated that E6AP is degraded in HPV18-positive HeLa cells and that expression of wild-type BPV1 E2, which represses expression of endogenous E6, significantly increases the levels of endogenous E6AP in HeLa cells (Fig. 3) . Furthermore, in vitro and in vivo experiments have indicated that E6AP self-ubiquitination is stimulated by 18E6, as well as the E6 proteins of HPV33 and 39, which are also cancerassociated HPVs (S. L. Beaudenon, A. L. Talis, and W. H. Kao, unpublished data). Therefore, it appears that HPV18 E6 accounts for the destabilization of E6AP in HeLa cells.
We have also shown that the E6 SAT 8-10 mutant, which retains its ability to transform human mammary epithelial cells, is unable to degrade p53 but is able to degrade E6AP. E6, however, is known to bind to a number of proteins, and some of these interactions have been proposed as potential mechanisms for E6-mediated oncogenesis (13, 28) . Proteins that interact with E6 include hDLG (28) , which has been identified as a tumor suppressor gene in Drosophila spp. (34, 61) ; paxillin (56, 58) , which may be involved in the transduction of signals from plasma membrane to focal adhesions and actin cytoskeleton (57); and E6TP1, a protein with high homology to GTPase-activating proteins (13) . While the significance of these interactions is still being assessed, it is possible that these interactions may contribute to p53-independent oncogenic properties of E6. Thus far, no interaction between HPV16 E6 and any single protein has been proven to be sufficient to account for all of the transformation properties of E6. These properties may therefore be the result of the ability of E6 to interact with multiple proteins. FIG. 7 . HPV16 E6 induces degradation of a mixture of wild-type and mutant E6AP and mediates E6AP dimerization in vitro. (A) E6AP dimerization in the presence of E6. In vitro-translated, 35 S-labeled wild-type (lanes 3 and 4) and ⌬E6 (lanes 5 and 6) forms of E6AP were incubated with GST-E6AP protein in the presence or absence of E6 and then immobilized on glutathione-Sepharose beads. The beads were washed and analyzed by SDS-PAGE, followed by autoradiography. (B) Degradation of wild-type and mutant E6AP in vitro. E6AP wild type (wt) and the active-site Cys-to-Ala mutant (C-A) were translated in rabbit reticulocyte lysate in the presence of [ 35 S]methionine. The translation reactions were incubated for 15 min at room temperature with E1 protein, E2 protein (A. thaliana Ubc8), ubiquitin, ATP, and baculovirus-expressed HPV16 E6 protein (ϩ) or an equivalent control fraction (Ϫ). Reaction products were analyzed by SDS-PAGE and autoradiography. 
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It is not yet known whether the E6 SAT [8] [9] [10] mutant is able to bind to any other E6-interacting proteins, or whether other E6 mutants retain their ability to degrade E6AP. Thus, no definitive answer can yet be given as to whether E6-mediated degradation of E6AP plays any role in transformation. It must be noted, however, that two additional HPV16 E6 mutants (F2V and Y54H) are deficient in their ability to degrade p53 in vitro at 37°C but retain E6AP binding as well as their ability to immortalize MECs (33) ; if these mutants also retain their ability to degrade E6AP, it would certainly strengthen the case for a potential role for E6AP degradation in the p53-independent transformation functions of E6.
We are beginning to appreciate the complexities of the interactions between E6AP, E6, p53, and the normal cellular substrates of E6AP. Here we have demonstrated that both E6AP and p53 are ubiquitinated and degraded through contact with E6, with E6AP degradation apparently occurring through self-ubiquitination. Further investigations into the nature of the E6AP, E6, and p53 interaction should enhance our understanding of E6-mediated transformation, E6AP-regulated pathways, and of the ubiquitin-proteasome pathway in general.
